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1. Introduction - definition of species -

The term "species’, which discriminates one type of organisms from
another, has arisen naturally over time in human societies. Therefore,
the species has not traditionally been scientifically defined. The first
man who gave definitions for taxonomy was C. von Linne (1758). He
separated organisms on the basis of their morphological characteristics
and arranged genera and species to reflect these, for example Homo
(genus) sapiens (species). This morphological basis of taxonomy is the
one mainly used even now. However, there are taxonomical difficulties
determining the phylogenetical connections among organisms. This is
because biological evolution is a continuous line in phylogeny rather
than a puncuated one.

Current taxonomy principally classifies organismic characteristics on
the basis of three standards: (i) morphology,(ii) fertilizability and (iii) eco-
logical isolation. However, the greatest weight is attached to morpholo-
gy, as mentioned above. Therefore, morphological species are also
referred to as Linne's species.

2. Significance of morphological science

The starting point of morphogenesis in multicellular- organisms is a
fertilized egg. Howevre, the repeated cell division and cell death pro-
grammed during the embryogenesis establish a species-specific mor-
phology. What is the process of embryogenesis ? Nobody can explain it
yet at the molecular level, but it can be followed at the cellular or multi-
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cellular level under the microscope. Embryologists have been trying to
determine the course of changes in the molecular organization during
embryogenesis but with little success as yet. :

Recently, for example, B. Goodwin (1994) asked whether all the molec-
ular steps of embryogenesis are determined by specific genes, and
decided against it on certain grounds. He emphasizes that there are
processes that are not determined by genes, base sequences of DNA,
but by physical processes and properties with which the macromole-
cules are intrinsically endowed. Generally, it has been believed by
molecular biologists that all the processes by which macromolecules are
synthesized and organized in the living cell are determined by specific
base sequences in DNA, and that life must be explained only by genes
and their interactions. In fact, although knowledge of DNA has been
rapidly accumulating, nothing has explained such life mchanisms as a
whole. The reason for this is that the relation between morphogenesis
and gene action has not been clarified at the molecular level. We shall
look for the solution of these problems in the evolutionary theories that
have been proposed in the past.

3. Evolutionary consideration of diversed
biological morphologies in the biological world

(1) Lamarkian theory

J. Lamark (1801) proposed that the diverse morphologies in the nature
arose when environmental actions modified the bodies of organisms.
That is, the repeated actions of an environment gradually changed some
related part of the body and accumulated the results. He emphasized
that the modification is inheritable through generations. For example,
the long neck of giraffe is explained by the fact that the animal contin-
ued to eat leaves on tall trees, and thus the neck continued to elongate.
Lamark's theory says in conclusion that the environmental conditions
influence body cells, and then the modified cells change genes of so-
called germ cells. Finally, genetic changes occur and are inherited
through generations. However, if the organ so evolved is not used for a
long time, then it becomes disorganized over a number of generations
and finally disappears. '

According to this theory, morphogenesis of organisms evolves due to
certain environmental actions. Although this theory seems easy to
accept, current biology, especially molecular biology, completely denies
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its verity. This is because this idea can not explain morphogenesis and
evolution at a molecular level. However, it is a fact that morphology is
physiologically modified. Repeated usage develops corresponding
organs but the changes are never genetic. Practically, paleontology has
not found continuous fossils which directly indicate evolutionary steps
involved in the elongation of the giraffe's neck.

(2) Neo-darwinian theory

C. Darwin's book entitled " On the Origin of Species by Means of
Natural Selection" (1859) stressed that evolved characters were
acquired through natural selections repeated. In nature, individual
organisms are originally different in character. Therefore, a given natu-
ral environment selects to predominate more adapted characteristics,
and thus the natural conditions are the designer for morphogenesis.
Neo-darwinism is a theory modified by A. Weismann (1902). According
to him, evolutionary change of morphology results from "mutation on
DNA and natural selection”, although Darwin himself accepted
Lamarkian theory in revised editions of his book. However, Weismann
simply emphasized mutation and selection processes in evolution and
eliminated the Lamarkian parts. Neo-darwinism is very convenient for
molecular biology and is accepted by almost all biologists at present.
However, some, including Goodwin (1994), have doubts about whether
morphogenesis of organisms can be described so simple by a model.
This problem will be discussed later.

4. Presence of homeotic genes in vertebrates
and invertebrates

As all organisms have species-specific forms, it has been believed that
there must be genes to determine the forms. However, these genes
have not been indentified by genetic analyses of various experimental
organisms. On the other hand, analysis of morphological mutants in
Drosophila demonstrated that specific gene cluster, namely the homeo-
tic gene box, was responsible, and further research demonstrated that
such boxes are commonly contained in vertebrates and invertebrates.
Therefore, the box was evolutionarily established before the phylogene-
tical differentiation of vertebrates and invertebrates.This must have
been a very fundamental event in morphological evolution in the biologi-
cal world.
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Neverthless, there are tremendous differences in the forms of verte-
brates and organisms more highly than coelenterates in the inverte-
brates. Therefore, genetic variations have occurred within the basic
homeobox and accumulated over geological time. On the other hand,
there is a question whether morphological variations have been depend-
ent only on the homeobox genes. Unfortunately, current genetics has no
answer for this problem. The following discussion is restricted to the
significance of homeobox genes.

5. Homeobox function in tetrapod limbs and floral meristem

The concept of homeosis that was proposed by W. Bateson (1894)
means formation of morphological homology such that segments repeat-
ed in bodies of vertebrates and invertebrates, such as annelids and
arthropods, are homologous to each other in the structures. Recently,
the homeosis has been found to be determined by a set of homeotic
(Hox) genes, called the homeobox, and homeotic mutants have been iso-
lated from not only animals but also plants. Especially, the genes con-
trolling morphogenesis in normal embryogenesis of Drosophila have
been deeply scrutinized. Interestingly, :
the homeobox has also been found in
genomes of yeast and other unicellular
organisms.

Tetrapod limbs are homologous
among animals higher than reptiles, in
which these phylogenetically originate
from fins of fish. Limb bones are very
durable and leave clear impressions as
fossilized remains in sedimentary rocks.
Therefore, they. form a bridge from con-
temporary species back to the earlier
known ancestors that existed some 400
" million years ago, namely just before the
stage of their emerging from the sea.
The fish fins somehow underwent trans-

Fig. 1. Phylogenic differentiation of bone

formation to the more complex struc- patterns of limbs in vertebrates
a: fish,

tures that eventually turned out to be so b: Iohtyostega (fossiled),

useful, even for playing the piano and < ﬁg';':a”der-

making clay pots (Fig. 1). e: human
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It is an extraordinary thing that our limbs are essentially the same as
those of all the tetrapods - horses, bats, birds, crocodiles - , and those
ancients that lived in the Devonian seas. However, all these species
have (or had) quite different uses for their limbs; Ichthyostega, fossil
fish, for swimming, the salamander for swimming and walking; the
chicken for flapping about; the bat for flying; the horse for walking and
galloping; and humans for an endless variety of activities. As shown
above, the diversity of uses indeed has led the brains of humans, and
thus their cultures to more evolved levels. I will now discuss whether
we could expect that only natural selection would have designed each
limb to optimally serve its functions after spontaneous mutations
occurred in the homeobox genes at random.

What is the basic pattern that is common to the limbs ? The answer
is the following: they all begin with a single large bone, then have two
more major bones, followed by a cluster of small ones that end with the
terminal digits, which can vary in number between one in horse and
seven in Ichthyostega. It is said to be eight digits in the fossilized tetra-
pod, Acanthostega.

Homeotic mutants that cause transformation of one digit into another
have been found. The genes involved in these transformations are clus-
tered together in groups on chromosomes and have common base
sequences, or boxes. The Hox D (9 - 13) cluster on a chromosome of
chicken hind is active in limb formation. The genes involved determine
the spatial pattern of overlapping domains that provide five specific
combinations of the genes and that, as a result, cause five to digits
develop (Fig. 2). If one of these genes, such as Hox D11, has an extended
domain of expression, covering the region where digit I arises, then this
digit is transformed into a digit II - like structure - a typical homeotic
transformation.

D13 D12 Di1 D10 D9 D8 D4 D3

spatial domains of the genes

Fig.2. Relative positions of Hox D genes (homeobox) on a chicken (hind) chromosome
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On the other hand, the chicken hind limb has only four digits, even
though there are five combinations of the Hox D genes available. So,
what the Hox genes are doing is to produce differences among digits
whose number is determined by other processes. However, the maxi-
mum number of distinct digits specified by the five Hox D gene combi-
nations is five. )

The homeotic genes work in the same way also in the floral meristem;
that is one organ is replaced by another structure that belongs to the
same set of forms. Each of the four types of organ: sepal, petal, stamen,
and carpel, is under the influ-
ence of three separate genes, A
A, B, and C, as shown in Fig.
3. These genes make concen-
tric circles for their expres-
sions that correspond to each
of the whirls of organs in a c
flower. The combinational
code for gene influence is A =

sepal, AB = petal, BC = sta-
men, and C = carpel. This Fig. 3. The modeled patterns of homeotic genes (A, B

and C)
suggests that if none of these involved in determining the structure of a colza
. . ‘ {Arabidopsis)fiower
genes is active, then leaves A=sepals, AB=petals, BC=stamens, C=carpels

are produced; that is, leaves are ground state.

These results indicate that (i) there are homeotic genes which work
for a unit of the morphology with a combination, (ii) one of these genes
has an extended domain of expression and does homeotic transforma-
tion, and (iii) the morphogenesis under control of these genes is quite
dynamic, depending on the environmental conditions. However, the
molecular details of the morphogenetic process are unknown as yet.

6. Is it possible to reduce all morphogenesis to DNA 7

The idea is very popular even among molecular biologists that DNA
determines all kinds of biological phenotypes and thus that life can be
fully explained by gene actions. I'd like to reconsider as a molecular
biologist whether such understanding of the life is truly reasonable.

(1) Transfer of genetic information from molecules to molecules Genetic
specificity of DNA is transferred as in process A shown here.
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product
DNA -~ mRNA — protein(enzyme)
substrate
L ' L |
A B

However, the genetic information is not finally transferred in process
B; the product of the enzyme reaction has no information from DNA.
This is true even in syntheses of large molecules such as polysaccha-
rides and peptidoglycans. Therefore, it does not necessarily follow that
all components of the cell, as units of life, are determined by DNA.
Nevertheless, such non-genetic substances, including large molecules,
work to construct the living system without the information from DNA.

(2) Protein particles can automatically assemble to form active virus,
Protein and RNA subunits of tobacco mosaic virus (TMV), and of
other viruses, assemble to form active in vitro spontaneously.

(3) Phospholipid bilayer as skeleton of the membrane.

Phospholipids are components of the membrane skeleton, and phospho-
lipid bilayer micells or its vesicles containing internal liquid (liposomes)
are automatically formed when phospholipid is suspended in water.

If the suspension was violently agitated, then the phospholipid bilayer
forms vesicle, called liposome. This is just proto-cell which would be
produced as the first living system in the primitive sea. The cells have
integrated functional and evolved proteins and other organic sub-
stances, which have been synthesized under genetic control with their
evolution.

(4) The structural genes just synthesize the informative and non-
informative substances, and the regulator genes quantitatively regulate
syntheses of them. _

Therefore, synthesized substances form assemblages each other
between same or different molecules and make cellular structures that
become essential for the living organization. The morphological organi-
zation must automatically progress according to their molecular speci-
ficity. The latter specificity is determined by primary structure in the
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informative molecules, such as protein, RNA, DNA, but not done in the
non-informative molecules as general organic compounds. Recently,
Goodwin (1994) has pointed out examples as the followings.

Fig, 4. A colony of Acetabularia acetabul which grows on rocks of the
" Okinawa sea (phota. by Dr. . Ishikawa)

(5) One of the most impressivenes for me is that an uni-cellular plant,
Acetabularia acetabulum, growing on rocks of sea at the subtropicals
can morphogenize a very complex form as shown in Fig. 4.

However, the whorl formation of it is not so complex except final step
to make the adult form after 60 days development. A polarity of the
plant is genetically determined as that (1) a rhizoid with nucleus is the
center of the morphogenesis, (2) the mature whorl is formed on a tip of
the stem, (3) this polarity is defined even when the stem was cut, 4)
however, if the stem was cut at both the sides, then in some cases the
cap grows from the both ends only once. The problem is whether such
‘the process is genetic. Goodwin has stated that the main steps includ-
ing whorl formation are to be able to simulate with a computor.
Therefore, it seems to be resonable to deduce that at least the basic
process of the -morphogenesis is not gene-determinative but physiologi-
cal or physical depending upon the accumulation and its organization of
macromolecules. ‘

(6) Fig. 5 shows spartial patterns in the
seeds of a sun flower. The spirals series
formed follow a mathematical series
defined by L.Fibonacci (1828). Such phe-
nomena also are popular in the phyl-
lotaxy pattern of leaves on a plant.
IS Furthermore, the similar spiral pattern
Fig. 5. Spiral pattern in the seeds of 2 can be obtained by physical experiments

sunflower, which is arranged R ] R
according 1o the Golden ratio using oil-drops on a magnetic field.
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It was explained above that the morphogenesis of tetrapod limbs,
which are physical machine of the movement for vertebrates, is geneti-
cally determined by the homeobox. Many ethologists seem to evaluate
this fact to show that all kinds of animal behaviors are genetic.
However, understanding that very complex behaviors of the animals are
down by such simple mechanisms is rash. We have to reconsider signif-
icance of the "learning”, because ethology has not so long history on ani-
mal behaviors and the ethologists seems to liken to those of human.

7. Nongenetic morphogenesis

An important tenet of ethology was that animal behavior had evolved
as an adaptive response to the environment. Thus, even complex
behaviors could be genetically programmed to occur in response to
appropriate stimuli. In that sense, C. Darwin was an early ethologist,
extending his theory of natural selection beyond the shapes, sizes, and
colors of animals to include their behaviors as well. However, my view
is that all behaviors are on only some genetic bases, although I am not
ethologist. This is because there is a tendency that takes refuge in the
"gene” when the problem was scientifically difficult to explain. Anyway,
we have to waite much further results from the observations and exper-
iments on the behavior.

It has been calculated that number of nucleotide pairs per haploid
genome of human is 3x10° (Alberts et al, 1994), and if one gene is sup-
posed to consist of 1% 10°® nucleotide pairs,then the human genome cor-
respods to 3% 10° genes. Furthermore, if 1 to 2% of the total genes are
functionally working as active ones, then 3% 10* genes are practical. On
the other hand, the genomes of the lower mammals can be calculated to
contain 2x10° nucleotide pairs, namely 70% of that in human (Alberts
et al, 1994). Therefore, a difference between these, 9000 genes, must
function as behavioral and intelligent works of a human. In addition, the
data of genome analyses show that there is a little difference in genetic
constitution between human and gorilla of the primates (Patterson,1978).

These considerations suggest strongly that only minor parts, rather
than all, of behaviors and intelligences of the animals would be under
genetic control. However, it is a fact that behaviors that are innate are
heritable and occur without any prior experience or exposure to the
stimulus. Lerning is adaptive in complex, changing, and unpredictable
environments, and may modify innate behavior pattern.
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Basic concept to formulate the biological evolution as follows:
() Genes are quantitative determinants in the morphogenesis, but not
qualitative ones.
(ii) The gene products assemble specifically under each of the molecular
characters, and generate forms for the phylogenies that are fundamen-
tal ones such as tetrapods in the vertebrates. Therefore, the fundamen-
tal morphogenesis proceeds according to physiological snd biological
principle, rather independently of the gene actions.
(i) Many mutations in the course of biological evolution must change
minor parts of the fundamental morphology and modify relatively small
forms.
(iv) Therefore, even many mutations do not change the fundamental
morphology, for example, invertebrates to vertebrates.
(iiv) Natural selection that is emphasized by Neo-darwinists operates on
the varients which are produced after the repeated mutations. These
may be illustrated as Fig. 6.

| Present morphology

|

Natural selection

I

Mutation

!
!
I

Structural arrangement of the molecules

on the basis of generic principle

(qualitative morphogenesis}

1
I

Quantitative production of the molecules

according to genetic information

Fig. 8. Involvement of genes in the morphogenesis during morpho-
logical evolution of the organisms All the processes of the
morphogenesis are determined not by the base sequences of
DNA, but by the spontaneous interactions of the molecules
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8. Conclusion

Neo-darwinians have believed that all of the developmental informa-
tion from a fertilized egg to an adult, are stored in the genome, which is
determinative source for all of the directions on the embryogenesis.
However, the genes only respond to biochemical environment in the
cells. The developing embryo has a field of morphogenesis, position
information.

Natural selection must exclude losers from the population as a result
of struggle for existence and only the victors can be predominant to
occupy. If the process was repeated in the nature for four billion years,
then finally the strongests had to have occupied on the earth. If it is
true, humankind will correspond to the victor. (If so, they must select
for the strongest race through repeated war. It is a truth of the evolu-
tion theory.) Can we humankind survive without other organisms ? It
is apparent that we completely depend on foods, oxygen, and circum-
stance to live.” Although I do not like to discuss further, we need afflu-
ent ecosystem. Furthermore, mutations that we now understand make
a minor difference in character among wild types and varients.
Therefore, large differences of the morphologies in systematics as
shown by family, order, class, and phylum (or division) are difficult to
explain only by the mutations. Anyway, term adaptation is quite
unclear in its difinition,
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ABSTRACT

In order to measure the difference of genetic sequences some quantities intro-
duced from information theory are useful. In this study, we analyzed the relation between
the variation of HIV and the clinical course of HIV infected patients by means of an in-
formation measure, called the entropy evolution rate. The region used in our analysis is
the V3 region, which was successively obtained from patient at every stage. From these
results, we can infer the condition of the disease from the variation pattern of the entropy

evolution rate.
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A 7‘ v NERE 2 ODEMREDT I ) BEABICN LT, BEFRREEHRT

B&,
(5 M
P, P D P2t P P
(B]_[* 4 C - W Y]
q go 4 G2 ' 9 9n
E72B. 22T, phg, FERENT S JBEFIABICBITA *xRUT I /B (20

) OHBERSETHD. £, 2 2OT7 I BEINABICH LTEEFRR
(A.p), (B.q)BEabhicts, EERAEERI

[AXB]_[** *4 .. YY)

r o w7 Tow

A, TIT, r;jF‘iTi J BRI A, BiZBWT, 73 BR R B ERFICHHER
TR REFERSMTHD. '

RAEEROBGTINCHT 2 REEEHR, ZEEAYRRPRESNDILT I/
BEF (EEES) OFBETY PrE—BUTOXIICERTES.

S(A)=-2.plogp,



I oz &S5 HIV R &kl

ZZr log

qu

ZIZTCi,j=0L--20TH5.

TV MR E—S(A)REVBAREORBRERL, HExY brv—[(4,8)
LALB LOMTORRORD L Y ORESET. 02RO brr—%
AWT, EPMOBREEZRIStbdOTy hav—t /(B A) BROL 5 1ES

SHTWA.
r(B1A)=1(A,B)/ (A

ZD r(BlA) BFABSOFREL, ADEB~MEESNEBREOHTEHY,
RN RD & AT ABOELER»FTRELELZRAILNTEXE. -0
X 0 < r(BlA) s 1 THYALBLOBOELDKZL 25 &r(BlA) DiEr

KEL 23,
EIL, WFF= baE—tor(4, B)BROL S ICEESh T 5.

(A B) =3 {(AB)+(BLA)

ZORFT Y b r =4, B) & =2 L CRERZER( A, B) %

p{A4. B)=1-r(A, B)

-

TED, TOpAB)ETrra—#EEL Y. Fh, ZOFX
0<p(A.B)<1 THY, p(A B)DEI/NZWEY 2 BOEMOFELEFFE

LWz B,

3. BEOF—#
RLITZOMTICHT Y, XHER2,5,6,11,12,13] THEEZH TV 5 16 Ao HIV

BED L EHINCRR SN V3 EROBEERNLEDTE . 28, “hbd
BEFIDT — & [ I EEF DT —# ~— R (DDBJ/EMBL/GenBank) iz%%6kSH,
TW5S. FHx QR TIE, ThbDBE 16 A%, Patient A~P FA& L. =
e, ThbDBEDREERT —F%% Table 3.1 ICEK L.
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Table 3.1 Data used for our analysis

Designation Patient A Patient B Patient C Patient D Patient & Patient '
in our analyses
Designation 1 495 82 &l &2 84
in the original
paper :
. Presumed Homosexual Homosexual Asinglobatch | Noinformation | No information | Ne information
transmission contact contact of factor VE
mode .
Clinical status | Asymptomatic | ATDS in 1089 Asymptomatic | No information No informatien | No information
CD4 counts Decreasing Decreasing Decreasing Fluctuating Decreasing Decreasing
| Antiviral therapy None AZT from 1989 None None None None
Term 1985~after 59 | 1985~after 56 1984~1991 1985.11~1989.5 | 1985.5~1987.10| 1985.1~1889.6
for the study months months
Tissue Serum Serum Plasma PBMC PBMC PEMC
‘b -Molecutar Vira] RNA Viral RNA Viral RNA DNA DNA DNA
Designation in o Patient G Patient Patient I Patient J Patient K Patient L
|__analyses
Designation in the Pl P2 P3 P4 1 3] Ps
Prosumed trans. | No information | No information | No information | No information | No information | No information
mission mode
Clinical status | Died within 36 | Died within42 | Noinformation | Noinformation | No information | No information
months month . - :
CD4 counts Rapid Rapid Moderate Moderate Stability Stability
' Progresa Progress Progress Progress
Antiviral therapy None: AZT from AZT from AZT from Naons None
30 months 48 months 64 months
[Term for the study] 1985~-after 32 | 1986~after 35 1986~after 122 | 1985~after 116 | 1984~after 47 | 1985~-after 93
! months months monthe months mmonths months
Tissue PBMC PBMC PBMC PBMC PBMC PBMC
Molecular type DNA DNA DNA DNA DNA DNA,
Designation inour]  Patient M Patient N Patient O Patient P
analyses
Designation in the; ACHO0039 ACHO208 P188 6062
| _original paper .
Preswned trans- |  Homosexual Homosexual No information | No information
mission mode contact contact
Clinical status | AIDS in 1990.11 [ AIDSin 18306 AIDS AIDS
And 1993.9 Died
CD4 counts No information Decreasing Decreasing Decreasing
Antiviral therapy None Nona None None
ITorm for the study| 1987, 10~after 37} 1985.12~~after 83 652 months 47 months
months months
Tissue PBMC PBMC PBMC PBMC
Molecular type DNA DNA DNA DNA

=5 H43H 5 L 51z, Patient A & Patient B 13 1985 EOFHIEIAHAT b
£, SERFEE XN TV A[2). Patient A BB b 33 o A BT p24 HURMIE
MWER LTV B2 AIDS FEIEICE - TV 720 ), Patient B i CD4 fESEA L, 55
» Bigiz AIDS I285E L, AZT 1RRAThhE.
7o, CD4 {Er BENOREMEOKERL, RERAIEE lmm® Hi2)
1000 fEIE & ThH 5%, HIV KBET 2 L#e B L, lmms H7cY 100 L
TETFRS L RMHONTWADT, BITOESVERDEEN 1 2L LTHE
bR TW5, 7, CD4 {200 2405 &, AIDS Lli&h s (CDC CKE -
EsBhfE L #—) OBUEREICLS) |
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Patient C /3 1984 FEIZRL, 7EMWE, BEANE([11]. ZOBREITY
RIS T BICiL CD4 B4 200 #4805 T V523, AIDS (0888 LTU AL,

Patient D~F[12/iz0\Tid, HBREhA Z& 0 CD4 EARENTERY,
Patient D i3 0 +~ A B2% 470, 20 »~ A H25826, 26 + A B8 273, 42 » 5 @7
515 LZEBH L T\\5. Patient Ei%0 ~ B B3 1225, 23 + A HiZ 756, 29 » A
BiTiX 368 LB LT\ 5. Patient FiZ 0+ A B2%943, 48 » A BT 575, B3
y A B 187 LW S EVMEIZ 22TV A.

Patient G~L[13]iZ-2W\\Tid CD4 {EOBADDHFE T 3 # 4 At bh, G,
H 1% CD4 EASEITEA LT B BE T, 1, J1% CD4ERA T bz LT
LTWEBET, K, LIZCAENEELTWERETHS. £/, Patient H,
L JIXENENGIHARGELY 30 » HE, 48 A H, 64 »+ 3 B b AZT geEEN
fTbi7c. Patient G, HIZZHh 24 36, 42 » AHICET LTS,

Patient M[5]id#I#Yw5 37 » A HiZ AIDS 2 & hi-.

Patient N[5,6]i3, #IHIRRA 5 5 »H 805 79 » A Bilhi= 5 —& N
S, ZOBEFITERSENS 54 » ABIZ AIDS &2 wfé:h 93 » ARIZ3IE
TLx.

Patient O[6]i3 R RS RBH/ZA3, AIDS L2 &5 10 » AIH 5 AIDS
®15 »y ABEC, F—FBEREShE. £LT, AIDS REEM 42 +» H HIZ
F L.

Patient P[6]  Patient O & [E4R, #IHURSEIEISTREGSA, AIDS L2FEn3
T BRI DT — & BRI &, AIDS SESHHD 40 + H BIZW - L.

WTNOBERFESIDOT — 513, HIV CRICEREOE N L Sbh g s
X7 H gpl20 22— FREEO—HSTHY, FETITIN S OEFIN S VS E
DHEEY 7T v LTI 24T 7.

4. x> b LRIz LB V3 EHiRoMmT
4.1 T E

£HTE X V3 HIROHMETFEFIOT—F ZROEE T 2T o 7. HIV @
B FES IS HIEHRR SN A ot LT E R ER LSRN 22 kT 5 7=
2, BB L7 —% LRIERER LB DF—% L= b o bRk 5h
"L, FHEEZHLE.

LUF, BB HIZ 2T CRIAL TH 5, '

Patient A THWAHEISIOT — 7 OFIIFHRBA ZL1Z, 0 » B B GREEELR)
138MET, 13 »A%IZTME, 22 » A1%iZ 98, 33 }rﬁ]?ﬁi%ﬁl 46 » A£13 9
&, 59 » AL 8 ETHS.
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TERES

LT, 754 A "EfToEFICH LT, T_TOREAGPEDTS
bR RETS. FxiE, B D 18 » AROESIAP L 22 » AROE

FIAZ D= b w E—HELEp(A7, A7) (=177 =1,9) 13 63 BY RDHID.

LER-T, FNHOFEHEEIRDO L SEZLND.

7 9
2.2 (4%47)
(AR 2y _ =t j=
p (4%, 4%) 63
R ET, B(A%AR), P(A™.A%), B(4%,4%), B(4“.A")&RHT .
Lk, 7Y OBEICOWVWTY Patient A & FEHEICETE TS, o, = hrtE
— (LB ERDADICEE LT MOU-7F A A Ml ZER L.

4.2 FERHTRIR

MEIORER o5 V3 FEiRicisi =y b a B LR OHEDRED
75 7% Fig 4.1 277 Fig 41 TIZ£ 16 AX Y Patient A, Patient B, Patient
C, Patient N, Patient P ® 5 AOBEORERERE .. 238, (AlA))id Patient
ADirABE|+AEOT Y buE—ELROFHEE R LTS, DBE
LEETH B, Patient C T B TR, EN R L TWA.

CAGLAKIY (A13,A22) (A22A33} (A32,A40) (A4 ASD) (80.8113 {B)1,821} (B23,835} (BI5.B44) (B44,B3¢}

Patient A Patient B

Bl o e
(op.c3) ca.c4) L{-2X-13 {C5,CH) [{-T K-35} (P=7,A3) (P3.PI3) (PL3.P25) (P28.P40)

Patient C Patient P
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INENDE  (HBHAT) (NTLNTAY (NI4RIT) (N1T.N20) (N20,N22) {NI2ZNA4) (NOLNSE) (NSINBL) (NO4NED) (NOU,KI3) (N73,M79)

Patient N
Fig 4.1 Mean of the entropy evolution rate(f)ars) for each stage

Fig 4.1 D& O b —ELEOFEHEOELE R B &, Patient A i
P24 FURIMIED B L7233 » A HiZ= b v B —H# LB OEE OB
Ebhb. i, Patient Bix 1l » A H~23 » B B T T, LEED= b
E—E LROEBHEOEEB R 5, |ROT, AIDS ICFBE Lz 55 4 B #% Iz B
BRGNS,

Patient C id 3 F B ~4 FHITEDKZ 2HMA R S, Patient B DERM
F— ELITHWBDT, AIDS BEMNEV IS IZBbh5.

Patient P D73 7D — 7 » BT AIDS i3 7 » AR = L ThB. AIDS %
fFE#H, Loy e - {tROEHERRED LTWE D EBGHD,
Patient N 3¢S 5 54 # A BIZ AIDS L REFESN TR, FD% 64 »
A#EDE 69 r BBRIIMT Ty ha B —#bROEHEN K E S TLLTVES.

ThEORRERD E, V3EROBT(LE L b o U1 b LA LB,
REDETER I v b RO D R F - BREITL B, &K
BiTIE, ThOooRREPEIIZ ba—E#{LRIC L S HIV Bi—AIDS S&5E—
FETIZIS1) S V3 THOEERRE 2RISR T 5.

5. = b —#{LRIT LD V3 HEOERRE
5.1 BRI

ZOETIL, Al 4 TROOhEBRERE X, =V b —#{LRIZL 3 V3
FIROEROLREERT.

X7, T heE—ELRICRBIT IRMOBBEHE—T 27D, FRZICH
LTHK9~13 » AEREOHRT, =V hubt—#bRERkD 5. PoRMER->
7eIEIRD Table 5.1 iKHiF3. ZORT, KEOHLSHER L-BET, Hf
DEFIIFBETHIV ORGFEFIVRERINZA (Patient C i34 , AFET
BASENTIZR > TN B0 Z ORI THWET —Z DBRA Th 5.



Patient E Pattent F_ |3
1] 0

20 48

26 53

42

patient

patient Patient I B 3 P atibst MEST PR R P B
7 4 3 i 1 ] s
10 ] g 22 i | i
22 25 19 Tr 1 20 11 B
25 g - 2 39 25 | 14
49 ; 28 { 17
55 54 T
time point Sy aan
vy
s
64
3 |

Table 5.1 Month when sequence is chosen

Table 5.1 DX SIeEy 77 v 7 LieF—4 2RIZLT, = b —@#tEE
*bé.:Vbﬂﬁﬁﬁkﬁéﬁbt”,&@20@%@&%“(,iybnE
—E{rRiz L B V3 EIROERBBEE X THD.

(1) AIDS FEERSIEEEC LizEs
(1) PRI B LIRS

(1) X AIDS &A% BEis L7 b DT, ﬁﬁ%ﬁ¢AWSL%ﬁLth
WREIZ SN TREBREDREKT—F, FIX, CD4 {7 ¥ & BT BAAIRA
E], SEH & AR BTk

(H)ﬁmﬁﬁ%%(O&ﬂﬁ)%%EKLt%@T,MDS%EﬁRH%%@&

WHLDTHD.

5.2 RH
5.2.1 AIDS Zaksiia iz Lk V3 o R Rz

51ELD, P (1) OEATBVWTRBREERELTHD. Ams%rﬁﬂ
%ﬁﬁ(ﬂmhazmmmwfx%oﬁﬁ)kﬂ12¢ﬂﬁﬁr%$%®I/bu
E*ﬁk%%ﬁbéCmmﬁzﬁﬁEMWﬁm.%bf,%ﬁ@%%®7i/
BRERF| (1% iF, Patient B 725 AIDS REWEII(B48,Bb4)) D= brt'—i
(LERZORMIBIT By PR E—ELROEE L, BT THRAOBESR
EEOTM%%%WIVFﬁf“@k$ﬁﬁﬁ$ﬂ%&U,%®$Wﬁ%%®ﬁ
it B b P LR E T 5.
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T2 b #ic k5 HIV 28 & iR BHE

ayaptom of EER
diease
Asymptomatic (L19,1.29)
: (L.25,L42)
(AD.ALS)
{Al3,A22)
(A22 A33) (K9.KH23)
(A33,A46) (K23 K34)
(A46.A59) {B0,B12) (C36,C48) (K34.K47
¥ (B12B24) (C48,C60) (J8,J21) (N8 N20)
ARC (B24,B36) (C60,C72) (J21,J87) MIOMIT | (N2QN32)
36, B48 72,084 J37,J48) 17,M29) 32,N44
(N59,N69) P3P18) (06,015)
{GS,G16) (H3, H15) NGONTY | (P13P26)
(G16,G26) | (HI5H27) (P25, P40)
F (H27,H35)

Table 5.2 Sequence data around the appearance of AIDS

=0 Table 5.2 # iz 2T 7z LicOAKD Fig 5.1 Th5.

0.05

0.04

0.03

" Asymptomatic

AIDS

Fig 5.1 Variation process of the V3 region by EER around AIDS

5.3 TAZEMIARA 2EMIC Lz V3 HiROERIERE

RIZ 5.1 EITHEAIIEE (O) OBREEELTHD. UYL (Table 5.3 @
MENT TRFOED) ZEREICH 12 » AR TEREOT Y b o P —iE{bRER
¥»3 (Table 5.3 TiZ EER ©F) . £ LT 5281& BT, ST0= bu—
ELEREFORBICBIT =y bt —#EROEL L, 24T TCHADRSE
MER S TWBESOTY b o —E{EROEIITHE LY, FOEHERFO
RElcBIT 5= b B —E{kRDEL T5.
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symptom of EER
disesse

(Al3,.A22) (B11,B23) (G9,G16) (H15,H27) W8 J21) (K9, H23) MIOMIT INEN20)
L (A22,A83) (B23,B3%5) (516,G26) (H27,H35 | (J21J37 K23,K34) M17M29) | (N20.NS2)
ARC (A33,A46) (B35,B44) {C36,C48) (J37,J48) K34 K47 | (M29M37) | (N32ZN44)
AIDS (A46,A59) | (B44B56) (C48,C60) {(N44NES)
. {C60,C72) {NE9.NG9)
L (C72,C84) : (NGI,N79)

Table 5.3 Sequence data from pnmary infection

> 0 Table 5.3 2 &z 75 712 LI=DIKD Fig 5.2 THD.

0.1
0.09
008 £
0.07 j'
0.06
0.05
0.04
0.03
0.02

0.

Asymptomatic " ARc .  AS

Fig 5.2 Variation process of the V3 region by EER from primary infection

B4 BHREGITOVWTOEE

hD 2 SOISEITEE, Ty br E—{ERIC L B V3 HEORRBEEE X
THTD,

(1) AIDS SEMEIZEHEI LIt e

(II) FHBRIRsE R LES
Fig 5.1, 5.2 #R5 &, #BAL bICAL LI RERMELLE. TRbb, 47
BTSRRI T (B, MR (Asymptomatic)) , AIDS FJERF (ARC
(ATDS BREfEERE) - AIDS) , Bkl (AIDS) & —RRICE DI TS AIDS
OEFERRT ey b —ELEOEOEER R LN S.

TP, PRI IZT Y b o BB EROEIXE, £, RERM LN
A OINEREENEE D, WKESNAEITHD L EDbN D, EERNL, B
BRI IR ETH o Th, TA VAFEHIIIZ ORIIERICESH LTS T
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T boE—fib®iz kb HIV 288 LEREE

EBGoTNDEN, HrDBRIIBWTHEDI LARMENTEY, Kelr
FRLTHI LRSS, LT, ARCIETLTNL &, TANATERSE
DIRL, MWKEh, BWEEOHROONMEPICHRT2, ~ ooz k
7 E—IE(ERDEIFEEICE < 20TV, AIDS BEERRICZOERY—2 &
HATNS, BERHRITIY b E—EEROEII TR DTV, —h
FIREYE OREREARIRVELTHNB Z &b, V3fEES Zhil ok i5
HUEIZESTWWRENENWHIZ L LB 3.

Elz, EHEEIOVWTRL OFERPSROZ EM8450:5. (1) O, AIDS
WZHE L TVWRWEE DT — Z I LTIt AIDS ICRE L L BN EhTULVR
KTh, BEOHLWERF—FibiE, BEREDRAF—JItHhah, LD
EFEICETIID DI ENRTEZLBRDRE. —F, (1) OBEE, KEEOTWE
BRIGA 2%, T L HAIEIRRER & 3R &R WD EMEED L, AIDS S
PEBEILL > TS 2 2, AIDS BERMICTY b o E—# RO
—7eHADIEEEZDE, AIDS RERNENBRWEE LEBVBEFEOT—F 0D
BORY L-T, FF70OBRBEELEDTHA.

6. *ky
42%@%%#6%méiﬁm,mvw%iﬁﬁ%ﬁfw<&a\mﬁﬁmﬁ
GFEFIOEICERTD Z LIIERCEETHL L Bbhd. BFTREELY,
= bheP—# SR L D V3 TR0 E E AIDS DOREERER & OEhEMN S B
LEbh, = ha v —EEROB(OEFIZHIEONNE — R RETE LS
RERBBOATHNS, ZOZLhd, ThoDBRE S &IZ V3 SERicBsiT 3
TV b e =B EROE{LE 2 DOBRITBNTELTALR, CLL0EEL
AIDS DEEFRIERIZIR > T b 1 = LR ODEDL TS TV 3.
T2 bu P —ELRIIBIT D V3 BROEROIBTRIT, =2 o —d{k=Rn
BALDRE—hb, BROEITBRICHE D AF— U BAX TS, =
NERDE, BEAH»L=Y b o —HEROEHENR LE U TEE LI,
BEGEML 2D, TOERFCLER LEEIC, ARC#IZBITL, 08T AIDS &
PWTENS. 2L T, TOBRB(LOMIPALTCWE, FIE5ELEbh 3.
AIDS FBIEiIR4 RERPER L ERRITI N EEbhD. BEoik
B, REAREOBANBREZELERTHLEZLND. TO—2OKEVERT
B5 5 V3BT 2%ENEEXD &, V3EEOMETITEELEbh, £7-,
I OIRIROERDEITRE AL AIDS RERHOFRO LT, EELBEbh3.
AIDS OETTREA % V3 FIOERICOZTHETT 5 Di3EE LV S, — o0 Hilftt
HELT, TOEECEY b t—BERPAWA I LIIERTHY, T35
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R K HIZIBIT A RN AR Y < — ONI7k 55 i D5 FE 2
: RNAEURXZ V7 —P ol bicBad 325

JIREEY, AlLZaT, Wi

AR ST K2 T ISR L 2R
(T599-8531 ARRMFIR 2R 1-1)

BE

RNADOFEB IR < — Ok HEEEERKE60-120°C, pHS
TMeClDIEFHE T B L CFET THRE Ui, Ik oEEREIIMe2+ 1 F
Ko TAT-290 2SS, £ RNADOKBEEZOBEICIKEL
7. WERY = — poly(A) & poly(U) i poly(G) 8 & T8 poly(C),
poly(A) - poly(U) &k, BL TRV <=— poly(A,U) & polyA,UC) &
U TARETH o7z, poly(A) DINK B K i s B8 DR e ik
ZREL, VRXI L7 —VIEDMRMFEREBKLEE LE. —hb
DFEEFRIVFITICS 5N T, BRTFTTORNADIESEEEBIOEET
TORBRY AKX 7 L7 - OHEERNZER I >N TEE L.
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Kinetics of hydrolysis of ribonucleotide polymers in aqueous solution

KINETICS OF HYDROLYSIS OF RIBONUCLEOTIDE POLYMERS
IN AQUEOUS SOLUTION AT ELEVATED TEMPERATURES
: IMPLICATIONS OF CHEMICAL EVOLUTION OF
RNA AND PRIMITIVE RIBONUCLEASE

KAWAMURA Kunio*, KAMEYAMA Naoko, MATUMOTO Osamu

Department of Applied Chemistry, Osaka Prefecture University,
Gakuen-cho 1-1, Sakai, Osaka 599-8531, Japan

(Received February 18, 1999; Revised March 15, 1999; Accepted March 23, 1999)

ABSTRACT

The rate constants of hydrolysis of ribonucleotide homo- and copolymers
were determined in the absence and presence of MgCly in pH 8 aqueous solution
at 60 - 120 °C. The hydrolysis rate was enhanced by Mg2+ by 47 - 290 times,
which was dependent on the type of nucleotide bases. Homopolymers poly(A)
and poly(U) were less stable than poly(G) and poly(C), poly(A)-poly(U) duplex,
and copolymers poly(A,U,C) and poly(A,U) at 80 °C. The temperature
dependence of the rate constants of poly(A) hydrolysis was determined and
compared with the rate constants with ribonucleases. Basing on the kinetic
analysis, the possibility of chemical evolution of RNA at high temperatures and a
kinetic restriction for the emergence of primitive ribonuclease at high
temperatures are discussed.
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INTRODUCTION

The discovery of the catalytic activity of RNA in processing RNA
transcripts suggests that RNA-like molecules had a central role in the first life on
earth. 1) If this hypothesis is correct then RNA-like molecules accumulated
spontaneously under primitive earth conditions. There have been a number of
reports of successful studies of the condensation of activated nucleotides to form
RNA oligonucleotides,2¥ while it seems surprising that the decomposition of
RNA has little investigated.>® However, both the polymerization and
depolymerization rate of RNA are essential to evaluate the accumulation behavior
of RNA under the primitive earth conditions. -

On the other hand, it has been realized that hydrothermal environments
had an important role on chemical evolution of biomonomers and biopolymers.’-
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11) Hence, the investigation of chemical evolution of RNA in hydrothermal
conditions is also indispensable. In general, RNA is thought to be labile in
aqueous solution at high temperatures. If RNA does not have adequate stability at
high temperatures, it should be explained how RNA survived under hydrothermal
conditions. Possibly, the RNA world had not been exposed under hydrothermal
environments.12) If these assumptions are not elucidated, otherwise the low
stability of RNA becomes a major stumbling block for the RNA world hypothesis.
However, little kinetic analysis has been carried out on the hydrolysis of RNA at
elevated temperatures.

In this study, we have carried out preliminary study on kinetics of
hydrolytic stability of ribonucleotide homo- and copolymers in aqueous solution
at elevated temperatures. The rate constants of hydrolysis of the nucleotide
polymers were determined in the absence and presence of MgClp. The activation
energy was calculated from the temperature dependence of hydrolysis rate of
polyadenylic acid (poly(A)). The hydrolysis rate of polynucleotides at elevated
temperatures were compared to that with ribonuclease of modern organisms, The
kinetic analysis led to proposals of the possibility of survival of the RNA world at
high temperatures.

EXPERIMENTAL

Materials. Poly(A), polyuridylic acid (poly(U)), polyguanylic acid (poly(G)), and
polycytidylic acid (poly(C)) were purchased from SIGMA and poly(A)-poly(U)
complex were obtained from Seikagaku Corporation (Japan). Copolynucleotides
involving adenine, uracil, and cytidine bases were synthesized using
polynucleotide phosphorylase (PNPase).13) PNPase was purchased from SIGMA
and Seikagaku corporation. The nucleotide composition of the copolymers was
determined by complete hydrolysis with ribonuclease T2 (RNase T2). All other
reagents used were of analytical grade. Abbreviations for the reagents are as
follows; 2'-AMP, adenosine 2-monophosphate; 3'-AMP, adenosine 3'-
monophosphate; 5'-AMP, adenosine 5'-monophosphate; 2',3'-cAMP, adenosine
2'.3'-cyclic monophosphate; 3',5-cCAMP, adenosine 3',5'-cyclic monophosphate;
HEPES, 2—(4-(2—hydroxyethyle)-1-piperazinyl)ethanesulfonic acid; TBABr,
tetrabutylammonium bromide.

Methods. HPLC analyses were performed on a DNA-NPR anion-exchange
column (TOSOH Co., Japan) using a gradient of 0.3 - 1.2 M NaCl at pH 9.0
(pH=11.0 for poly(G)) with 0.02 M tris buffer and on a ODS-2 column (GL
Science Co., Japan) using a gradient of 0.02 M NaH7PO4 with 0.005 M TBABr in
aqueous solution at pH 3.5 mixed with 0.02 M NaH,PQ4 with 0.005 M TBABr in
60 % CH3OH at pH 3.5. The detection of polynucleotide was carried out at 260
nm for poly(A), poly(A,U), and poly(A)-poly(U), at 271 nm for poly(C), 262 nm
for poly(U), 253 nm for poly(G), and 265 nm for poly(A,U,C).

Kinetic_analysis of hydrolysis of polynucleotides. Unless noted otherwise,
Teaction solutions of 0.25 mM polynucleotide containing 0.2 M NaCl, 0.1 M

HEPES' (pH 8.0) with and without 0.1 M MgCl were freshly prepared for each
experiment. ‘The temperature of the reaction mixture was controlled by a dry bath’
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heater. The reaction mixture was allowed to stand at 60 - 120 °C for over 480 h.
The sample was quenched immediately after the reaction and analyzed on the
anion-exchange HPLC.

The disappearance of phosphodiester bond was monitored to evaluate the
hydrolysis rate. The degree of polymerization (length n) of a polynucleotide and
its hydrolyzed oligomers were determined basing on the retention time on the
anion-exchange HPLC. The HPLC method separates fractions on the basis of the
number of negative charges on each oligonucleotide. Thus, it was possible to
determine the length n of the nucleotides on the basis of the retention times using
authentic oligonucleotides. The normalized value (Bt) of the total number of
phosphodiester bond of the products was determined by using equation (1).

Bt = { Z (percentage of nucleotide lengthn) x (n - 1 ) att}
/ { Z (percentage of nucleotide lengthn) x (n - 1 yatt=0}- - - (1)

The values of By were plotted as a function of time and the rate constant
was determined by the computer program SIMFIT.14) (Terfort and von
Kiedrowski 1992). The polynucleotide used in this study involves different
length of nucleotide, thus the rate constants indicate approximate values which
were the average of different length of polynucleotides. The hyperchromic effect
for poly(G) was not corrected since it was analyzed at pH 11 on HPLC19 and that
for other homopolymers were not significant for this kinetic analysis. The
compositions and the chain length of the polynucleotides used in the study are
summarized in Table 1.

The hydrolysis rate of 2'-AMP, 3'-AMP, 2'3-cAMP, and 3'.5'-cAMP was
measured in a buffer solution containing 0.1 M NaCl and 0.05 M HEPES (pH
8.0). The reaction products were analyzed on the reversed-phase HPLC,

Table 1 Chain length and composition of polynucleotides

polynucleotides mean chain length
poly(A) 330
poly(U) 210
poly(C) 170
oligo(GG)a <15
poly(Ap2Up 8)P 20
poly(Ap2U04Co.4)b 40
poly(A)-poly(U) 45

3 Oligo(G) was used since poly(G) does not dissolve in the
buffer solution.

b The number shown in parentheses is the ratio of
incorporated bases in the polynucleotides.

RESULTS AND DISCUSSION

Kinetics of hydrolysis of polynucleotide
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The reactions were carried out at 60 - 120 °C and immediately stopped by
freezing, thus the enzymatic contamination of RNase is negligible. The reaction
in the presence of MgClz was notably faster than that in the absence. Reaction
curves and the rate constants were determined for the hydrolysis of
polynucleotides (Fig. 1a, 1b, Table 2) in the absence and presence of MgCla. The
hydrolysis rate in the presence of MgCly is larger than that in the absence of
MgCly in which the enhancement of hydrolysis was in'the range of 50 - 330
times. The enhancement by Mg2+ was not notable in previous studies.16:17) The
reason seems to be due to the fact that previous studies had been carried out at
relatively low concentration of Mg2+, Normally, Mg2+ ion forms complex with
phosphate group of nucleotide rather than nucleotide bases.18) Thus, the
acceleration of hydrolysis in the presence of MgCly is presumably due to the
complexation of Mg2+ with phosphodiester group.

(a)
1.0
Bt
0.5
1
0.0 0.0
0 5000 1000015000 0O 50 100
Time / min Time / min

Fig. 1 Reaction curves for the hydrolysis of polynucleotides.

Reaction conditions: [NaCl] = 0.1 M, [HEPES] =0.05 M, [poly(A)] =
2.5 x 104 M, initial pH=7.0, 80 °C. a: [MgCly]=0 M, b : [MgCl2]=0.1 M.
O : poly(a), ® : poly(U), B :poly(C), W : poly(G), & : poly(Ap2Uo.s),
A : poly(A92U0.4Co4), +: poly(A)-poly(U) complex.

© Although Mg2+ catalyses the hydrolysis of polynucleotides, it does not
instantaneously imply that Mg2+ caused disadvantage for the survival of RNA
under hydrothermal conditions. The accumulation of RNA could be possible in
primitive earth conditions if the acceleration of polymerization of RNA by Mg2+
was much greater than that of decomposition of RNA. Actually, it has been found
that the model reactions of spontaneous formation of RNA are catalyzed by
Mg2+24)

On the other hand, the hydrolysis rate is dependent on the type of
nucleotide bases. Moreover, copolymers poly(A,U), poly(A,U,C), and
poly(A)-poly(U) complex are more stable than poly(A) and poly(U). This fact
may indicate that copolynucleotides are more stable than homopolymers. The
rate constants presented in this study involve different length of polynucleotides
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so that the difference of the rate constants may reflect the dependence on
polynucleotide length. However, it is reasonable that the magnitude of the
hydrolysis rate would be approximately independent on length n since their length
are long. Since it is thought that both hydrogen bonding and hydrophobic
interaction are not effective at elevated temperature,!9) especially for adenine and
uracil base pair, the enhancement of stability of copolymers is not understandable
by conventional theory basing on hydrogen bonding and stacking interaction.
Detail analysis of rate constants for different bases and length of nucleotide will

be necessary.

Table 2 Rate constants for the hydrolysis of polynucleotides (s-1)

polynucleotides

poly(A)
poly(U)
- poly(C)
poly(G)

poly(A,U)
. poly(A,U,C)

“poly(A)-poly(U)
poly(A), 60 °C

No Mg2+

(6.80£0.46) x 10-5
(2.60%+0.19) x 10-5
(3.89£0.29) x 10-6
(8.89+0.82) x 10-6

(6.85%0.36) x 10-6
(4.37£0.27)x 106
(4.13£0.24)x 106

ND

Mg2+]=0.1 M

(5.14+0.33) x 10-3
(2.75+0.14) x 10-3
(8.67 +0.54) x 104
(4.20+0.16) x 104

(5.58 £0.24) x 104
(1.27 £0.08) x 10-3
(5.61 £0.22)x 104

(1.54 £0.02) x 10-3

poly(A), 100 oC (1.68 £0.11) x 104

poly(A), 120 °C (3.83£0.16) x 104
[NaCl] = 0.1 M, [HEPES] = 0.05 M, [polynucleotides] = 2.5 x 10-4 M,
Temperature : 80 °C, ND : Not determined.

(1.08 £0.06) x 10-2
ND

The rate constants of hydrolysis of poly(A) were determined in the range
of 60 - 120 °C in the absence and presence of MgCly (Table 2). The apparent
activation energy (Eapp) determined from the Arrhenius plot was 50 kJ mol-! in
the absence of MgClz and 51 kJ mol-! in the presence (Fig. 2). The magnitude of
EaPB is regarded as independent on the Mg2+ presence thus the acceleration by
Mg4* is considered to be due to the enhancement of the frequency factor by
Mg2+. The linearity of the Arrhenius plots supports that the hydrolytic
mechanism are not dependent on temperature at 60 - 120 ©C.

It was observed that completely hydrolyzed products of polynucleotides
contained 3'-AMP, 2'-AMP, 2',3'-cAMP, and adenosine but no 5-AMP. Further,
oligonucleotides having 2'- and 3'-phosphate terminal were detected on the
reversed-phase HPLC. These facts indicate that poly(A) was cleaved to form 3'-
phosphate terminals through 2',3'-cyclic-AMP as intermediate, which is consistent
with previous investigations20-22) and is similar to enzymatic hydrolysis.23) The
analysis of hydrolysis of 2'-AMP and 3'-AMP shows that the interconversion of
2'-AMP and 3'-AMP occurred through 2',3'-cAMP as intermediate at elevated
temperatures. The hydrolysis rate of the monomers was comparable to that of

—113—



K. Kawamura ef al.

poly(A) (Table 3). Thus, the rate determining step is considered as cleavage of
3',5'-phosphodiester bond to form 2',3'-phosphodiester terminal, which is also
consistent with previous studies.23)

0 .
2.0 2.5 3.0 3.5
T1/10° K1
Fig. 2 Arrhenius plots of the rate constants of hydrolysis of poly(A).

® : [MgCl] =0 M, O : [MgCl] =0.1 M. All other conditions are the
same as shown in Fig. 1.

Table 3 Rate constants of -hydrolysis of cyclic-AMP

cyclic-AMP . Rate constants (s-1)
7.3 -cyclic-AMP 4.0x 10
3',5'-cyclic-AMP 6.0x 106

Reaction conditions; [NaCl] = 0.1 M, [HEPES] =0.05 M,
{polynucleotides] = 2.5x10-4 M, initial pH = 7.0, 120 °C, no MgClz added.

Chemical evolution of RINA in hot ocean

Basing on the Arrhenius plots, the rate constant of hydrolysis of poly(A) is
estimated to be 4.2 x 104 s*1 at 37 °C (half-life (t2), 28 min), 1.3 -1 at 250 °C
(t12, 0.5 8), and 12 s-1 at 374 °C (t172, 0.06 s) in the presence of 0.1 M MgCla.
This fact may indicates that rapid decomposition of phosphodiester bond possibly
interfered the accumulation of RNA under hydrothermal conditions on the
primitive earth. Actually, basing on the study of the stability of ribose in aqueous
solution at elevated temperatures,ﬁ) in which the decomposition rate is much
slower than that of phosphodiester bond, it was postulated that the RNA world
emerged in cool ocean rather than hot.12) Although this speculation may be
correct, the accumulation of RNA is determined by both the rate of
polymerization and depolymerization. Thus, it is unreasonable to speculate
straightforwardly that the RNA world could not survive under hydrothermal
environments. If the formation rate of RNA under the primitive earth conditions
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was 80 rapid compared to the deformation rate, the RNA world could survived. In
order to evaluate this assumption, abiotic formation of RNA at elevated
temperatures is being investigated at present.

On the other hand, the comparison of the hydrolysis rate without enzymes
and that with primitive enzyme is valuable to consider the emergence of the RNA
world. The reason is that the biological reactions in modern organisms are
universally controlled by enzymes so that it is reasonable to assume that the
prebiotic reactions were being controlied by primitive enzymes.

One of the essential factor which sets up enzymatic activity is that the rate
with enzyme must be faster than the rate without enzyme. Actually, the catalytic
enhancement (kea¢ / knon) by modern enzymes2¥ is generally in the range of 109 -
1017, In other words, the large enhancement ability is required for the modern
enzymes to control biological metabolism with adequate accuracy. Thus,
ribonuclease-like activity could not appear at least unless the catalytic rate with
primitive RNase became larger than that without RNase. That is to say, the
hydrolysis rate with primitive RNase should be faster than that without primitive
RNase at time of the origin of life. Recent analyses of archaeal and bacterial
phylogenetic trees suggest that the last common ancestor of all present-day
organisms had nature of hyperthermophiles.11.25,26)  Actually, there are
hyperthermophilic bacteria and archaea which are cultured over 100 °C and even

which could survive at 250 °C,27) the rate with RNases should be much faster
than that without RNase.

5 b

log (k/s1)
o
828 oo

1 1 X 1 1 [

15 20 25 3.0 3.5
T1/108 K1

Fig. 3 Comparison of hydrolysis rate with and without RNases and
extrapolation of RNase activity to time at the origin of life.

Open circles : Vipax with RNases28-37), Closed circle : Rate constants
determined in this study.

The comparison of the rate constants of hydrolysis of polynucleotide with
and without RNase are demonstrated in Fig. 3.28-37) The hydrolysis rate
constants with RNases, which are the values of Vyay, are much faster than those
without RNases at low temperatures. There is no geological evidence on the
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temperature of the primitive earth,38) however, the nature of primitive enzymes on
the last common ancestor is possibly estimated from a simple extrapolation of the
enzymatic activity of modern hyperthermophiles to time of the origin of life.
Since the rate with RNase at elevated temperatures is less known,37) it is not
possible to extrapolate the rate of RNases. However, kinetics on other kind of
enzymes indicate that the catalytic enhancement and Michaelis-Menten values are
not very sensitive with temperature.39-43) Thus, the rate with primitive RNases
could be as fast as that with modern enzymes. The large gap between the rate
with and without RNases supports possibility that RNase activity could emerge
even at high temperatures.

‘Consequently, the speculation in this study emphasizes that the hydrolysis
without RNase at elevated temperatures is not straightforwardly regarded as to0
fast as to destroy the RNA world. In order to evaluate this hypothesis, kinetics on
the formation of RNA and the activity of primitive enzymes at elevated
temperatures are being investigated to draw the evolutionary history of the RNA
world and primitive RNase.

CONCLUSIONS

The rate constants of hydrolysis of polynucleotides were determined at

elevated temperatures. It was found that Mg2+ enhances the hydrolysis and the
rate constants seem to be dependent on the type of nucleotide base. Basing on the
comparison of the hydrolysis rate with and without enzyme, it is regarded that the
hydrolysis rate without enzyme at elevated temperatures are much slower than
that with RNases. These evaluations imply possibility that RNA world could
survive at higher temperatures. :

ACKNOWLEDGMENT

We thank Professor Taketoshi Nakahara in Osaka Prefecture University
for the use of HPLC apparatus. Dr. G. von Kiedrowski generously provided his
SIMEIT program, This research was partially supported by the Inamori
Foundation of Heisei 9 Nendo.

REFERENCES

1) Cech, T. R. (1986) Proc. Natl. Acad. Scf. USA 83, 4360-4363.

2) Lohrmann, R. and Orgel, L. E. (1980) J. Mol Biol. 142, 555-567, 123, 127-
149.

3) Sawai, H., Kuroda, K. and Hojo, H. (1989) Buil. Chem. Soc. Jpn. 62, 2018-
2023. '

4) Ferris, J. P. and Ertem, G. (1992) Origins Life Evol Biosphere 22, 369-381.

5) White, R. H. (1984) Nature 310, 430-432.

6) Larralde, R., Robertson, M. P. and Miller, S. L. (1995) Proc. Natl. Acad. Sci.
USA 92, 8158-8160.

7) Campbell, L. L. and Pace, B. (1968) J. Appl. Bact. 31, 24-35.

—116—



Kinetics of hydrolysis of ribonucleotide polymers in aqueous solution

8) Yanagawa, H. and Egami, F. (1978) Proc. Jpn. Acad. Ser. B 54, 331-336.
9) Miller, S. L. and Bada, J. L. (1988) Nature 334, 609-611.
10) Holm, N. G. (ed) (1992) Origins Life Evol Biosphere 22, 5-242.
11) Oshima, T. (1994) Trans. Mat. Res. Soc. Jpn. 19B, 1069-1077.
12) Miller, S. L. and Lazcano, A. (1995) J. Mol. Evol. 41, 689-692.
13) Steiner, R: F. and Beers, Jr. R. F. (1958) J. Polymer Sci, 30, 17-28.
14) 'Eer6f0rt, A. and von Kiedrowski, G. (1992) Angew. Chem. Int. Ed. 31, 654-
56.
15) Kanavarioti, A., Bernasconi, C. F., Alberas, D. I. and Baird, E. E. (1993) J.
Am. Chem. Soc. 115, 8537-8546.
16) Butzow, J. J. and Eichhomn, G. L. (1965) Biopolymer 3, 95-107.
17) ‘vg‘\gntenneyer, W. and Zachau, H. G. (1973) Biochim. Biophys. Acta 299, 82-
18) Taqui Khan, M. M. and Martell, A. E. (1962) J. Am. Chem. Soc. 84, 3037-
3041.
19) Turner, D. H. and Bevilacqua, P. C. (1993) in Gesteland, R. F. and Atkins, J.
F. (ed) The RNA World. Cold Spring Harbor Press, New York, p 447-464.
20) Bacher, J. E. and Kauzmann, W. (1952) J. Am. Chem. Soc. 74, 3779-3786.
21) Eigner, J., Boedtker, H. and Michaels, G. (1961) Biochim. Biophys. Acta 51,
165-168,.
22) Eichhorn, G. L. and Butzow, J. J. (1965) Biopolymers 3,79-94.
23) Koike, T. and Inoue, Y. (1972) Chem. Lett. 569-572.
24) Radzicka, A. and Wolfenden, R. (1995) Science 267, 90-93.
25) Pace, N. R. (1991) Cell 65, 531-533.
26) Forterre, P. (1995) Cell 85, 789-792.
27) Baross, J. A. and Dening, J. W. (1983) Nature 303, 423-426.
28) Witzel, H. and Barnard, E. A. (1962) Biochem. Biophys. Res. Comm, 7, 296-
299,
29) Batt, C. W. and Houck, J. C. (1964) Biochem . 89, 90-94,
30) Sato, S., Uchida, T. and Egami, F, (1966) Arch. Biochem. Biophys. 115, 48-
52.
31) Irie, M. and Hosokawa, S. (1971) J. Biochem.. 70, 301-300.
32) Williams, R. K. and Shen, C. (1972) Arch. Biochem. Biophys. 152, 606-612.
33) Li, J.R.T. and Walz, Jr. F. G. (1974) Arch. Biochem. Biophys. 161, 227-
233.
34) Walz, Jr. F. G., Osterman, H. L. and Libertin, C. (1979) Arch. Biochem.
Biophys. 195, 95-102,
35) Osterman, H. L. and Walz, Jr. F. H. (1979) Biochem. 18, 1984-1988.
36) Irie, M., Mikami, F., Monma, K., Ohgi, K., Watanabe, H., Yamaguci, R. and
37) Kanaya, S. and Itaya, M. (1992) J. Biol. Chem. 267, 10184-10192.
38) Kasting, J. F. (1993) Science 259, 920-926.
39) Yamanaka, K. (1968) Biochim. Biophys. Acta 151, 670-680.
40) Danno, G. (1970) Agr. Biol. Chem. 34, 1805-1814.
41) Van Bastelaere, P., Vangrysperre, W., Kersters-Hilderson, H. (1991)
Biochem. J. 278, 285-292,
42) Adams, M. W. W. (1993) Ann. Rev. Microbiol. 47, 627-658.
43) Adams, M. W. W. and Kelly, R. M. (1994) Bioorg. Med. Chem. 2, 659-667.

—117—






The effect of X-ray on aA-crystallin

THE EFFECT OF X-RAY IRRADIATION ON aA-CRYSTALLIN

Yuko Momosel, Noriko Fujiiz, Toshio Kodama 3 ,Johru Yamagaki 4,

Hiroshi Nakanishi 4 and Makoto Kodama 1

INational Institute for Advanced In terdisciplinary Research (NAIR),
Tsukuba, Ibaraki 305-8562,

? Research Reactor Institu te, Kyoto University, Kumatori-cho,
Sennan-gun,Ohsaka 590-0494,
*Department of Ophthalmology, Ehime University, School of Medicin e
Shitukawa, Shigenobu-cho, Onsen-gun, Ehime 791-02, and
* Biomolecular Chemistry Lab., National Institute of Bioscience and
Human-technology, Tsukuba, Ibaraki 305, Japan

( Received January 27, 1999; Accepted March 18, 1999)

Abstract

We have studied the aspartyl (Asp)-151 residue of oA-
crystallin was inverted to biologically uncommon D-isomer in human,
bovine and mouse eye lenses in spite of the difference of species with
age. Our previous study demonstrated that UV-B irradiation
induced cataract, aggregation of lens protein, and the specific
racemization at Asp-151 residue in aA-crystallin of rat lens [1]. We
report here that X-ray irradiation (10 Gy) induced increase of the
hydrophobicity of aA-crystallin at 8 weeks after X-ray irradiation
and the mature cataract and high molecular weight protein (HMW) at
12 weeks after X-ray irradiation, however, the racemization of Asp-
151 residue was rather suppressed by X-ray irradiation.

1. Introduction

The mammalian lens soluble proteins consist mainly of a-,8-
and y-crystallin. o-Crystallin is the most abundant protein and
comprised of two highly homologous 20k Da subunit, A and aB. The
two subunits associate non-covalently to form aggregate with
average molecular weight 800 kDa. Since the lens protein is
metabolically inert, numerous posttranslational modifications such as
racemizationf1-6], isomerization [1,2,4,6], deamidation [7-10],
Viva Origino 27 (1999) 119-132
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truncation [3,11-15], phosphorylation [16], oxidation [2,6,17],
crosslinking in intramolecular disulfide bonding [18,19], glycation
[20], acetylation {21], and crosslinking [22] have been reported with
aging or cataract formation.

Swamy etal. reported that the amount of high molecular
" weight protein (HMW) increased and hydophobicity of aA-crystallin
increased (formation of acAm-crystallin) in soluble fraction in aged
human lens [23]. Recently, we also observed that UV-B irradiation
induced the increase of HMW and the opacification of rat lenses [1].
These results suggested a correlation between opacification and the
increase of HMW.

In previous studies, we have reported that two aspartyl
residues (Asp-58 and Asp-151) of aA-crystallin in human [2,3] and
. Asp-151 residue of aA-crystallin in mouse [4] were inverted to D-
. Asp and the relative amount of D-Asp increased with age. Recently
we found that UV-B irradiation induced the racemization of the
Asp-151 residue in aA-crystallin obtained from the lens of young
‘rats [1]. In addition, many studies of effects of X-ray irradiation on
lens proteins have indicated that irradiation seems to promote the
changes similar to those seen in the aging process. For instance, X-ray
irradiation induced HMW formation and irregularly shaped giant
aggregates in lens fibers, which were an accelerated aging process
[24].

The present study was focused on a possible correlation
between lens opacity, HMW formation and the racemization of the
Asp-151 residue in aA-crystallin.

2. MATERIALS AND METHODS

2.1 X-ray irradiation

Female ICR mice, 4 weeks of age were use. They were
divided into two groups, normal control and X-ray irradiation group.
For irradiation the head was exposed to 1000 rad (10 Gy) of X-rays
with the following exposure factors: 130 kV, 8 mA, 0.5 mm aluminum
filter (built in), target distant 30.0 cm (skin-focus) and rate of 188.6
rad/min. Each mouse was immobilized in a holder consisting of a 50
ml plastic centrifuge tube which had been cut in half length wise with
the cut surface glued to a flat Lucite plate.  The open end was closed
with a plug. The head was rested in the conical end which was
perforated. The trunk of the animal from the cranium was shielded
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with 1-mm- thick lead.

2.2 Purification of eA-Crystallin from Mouse Lens

X-ray irradiated and control lenses (40 in each sample) were
homogenized in 50 mM NaCl and 1 mM EDTA/50 mM Tris-HQ buffer
(pH 7.4). The proteins were fractionated into water-soluble and
water-insoluble fractions by centrifugation at 15000 g for 20 min at 4°C.
The water-soluble fraction was applied to a TSK G4000 SW XL (7.8 X
300 mm, Tosoh, Tokyo, Japan) column which were equilibrated with
0.1M Na,SO, /50mM phosphate buffer (pH7.5) and the o~Crystallin
fraction and HMW fraction were collected. «A-Crystallin was purified
by reverse-phase (RP)- HPLC using a C4 column in accordance with the
procedure of our previous study [4].

2.3 Enzymatic Digestion and Isolation of Peptides

aA-Crystallin was digested with trypsin for 20 hat 37°Cin 0.1 M
Tris-HQ buffer, pH 7.6, at an enzyme-to-substrate ratio of 1:50
(mol/mol). The resulting tryptic (T) peptides were separated by RP-
HPLC as previously described [4].

2.4 Determination of D/L ratio of Amino Acids
All glassware was baked at 500°C for 3 h. Peptide samples were
lyophilized in tubes and were hydrolyzed with gas-phase 6N HCl for 7
h at 108°C(PicoTag Work Stations, Waters, Tokyo). The hydrolysates
were evaporated under reduced pressure, After hydrolysis, the
samples were derivatized with o-phtalaldehyde (OPA) and n-tert-
butyloxycarbonyl-L-cysteine (Boc-L-Cys) to form diastereoisomers.
The determination of the D/L ratio of amino acids was performed by
RP-HPLC with a C18 column (Nova-Pak ODS, 3.9 x 300 mm, Waters
Japan) using fluorescence detection (344 nm excitation wavelength
and 433 nm emission wavelength) according to Hashimoto et al. [25].
Elution was carried out with a linear gradient of 5-47% acetonitrile
plus 3% tetrahydrofuran in 0.1 M acetate buffer (pH 6.0) for 120 min
at a flow rate of 0.8 ml/min, at 30°C.

2.5 Amino Acid Sequence Analysis

Amino acid sequences were determined using Edman
degradation on a pulsed-liquid protein sequencer, equipped with an
on-line phenylthiohydantoin (PTH) amino acid analyzer (Applied
Biosystems 476A/120A, Foster City, CA, U.S.A).
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2.6 Matrix-assisted Laser Desorption/Ionization Time-of-
flight Mass Spectrometry

All spectra were obtained using a matrix-assisted laser
desorption/ionization time-of- flight (MALDI-TOF) mass
spectrometer operated with nitrogen laser (Kompact MALDI 1V,
Shimadzu Corporation, Japan) as previously described (3). The data
were collected in reflection mode as signals of positive ions. The
sample peptide (0.5 ul) was added to an equal volume (0.5 ul) of the
matrix solution on the plate, and then dried. Each sample was
present at a level of a few pmol level per spot.

3. RESULTS

3.1 Cataract formation by X-ray Irradiation

Lenses of the control group of mice, ages one day to 18 months
were transparent as determined by slit lamp examination. As shown
in Fig.1, X- ray irradiation induced lens opacities were first detected
in the posterior subcapular region by slit lamp 4 weeks after
exposure to X-ray (b). Plaque-like opacities were detected in the
posterior subcapular region 8 weeks after irradiation (c). Mature
cataract appeared more than 12 weeks after irradiation (d).

Stages of radiation cataracts
a Ly @

irradiation after

1

: I
before 5\ Lo 4 weeks
1 +irradiation

.o

irradiation irradiation

‘ i
L
8 weeks E : 12 weeks
after ' ¥ ‘l pe | after
e .

Figure 1

Photograpy of different stage of lenses. (a) before irradiation, (b)4
weeks after X-ray irradiation, (c) 8 weeks after X-ray irradiation, (d)
12 weeks after X-ray irradiation. Mature cataract appeared 12
weeks after X-ray irradiation.
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3.2 Induction of HMW Formation by X-ray irradiation

Figure 2a shows a typical gel permeation chromatography
(GPC) profile of water-soluble(WS) fraction obtained from 16-week-

old mice (non irradiated mice) lens as control.

The WS protein

composed of a-, f~, y-crystallin and HMW was not observed. As
shown in Fig. 3a, the GPC profile of the lenses 8 weeks after X-ray

irradiation (12-week-old) was the same as that of control.

However,

in the lenses of 12 weeks after irradiation (16-week-old), tl:lG
amounts of HMW and o-crystallin greatly increased and y-crystallin

decreased as shown in Figure 4a.
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Figure 2

a) Gel permeation
chromatography (GPC) profile of
water soluble (WS) lens proteins,
obtained from 16-week-old mice,
with a TSK G4000 SW XL column.
7.8 x 300 mm, {Tosoh, Tokyo,
Japan). The column was
equilibrated and sample eluted
with a buffer consisting of 0.1M
potassium phosphate, 0.1M Na,s0,,
pH7.4) Flow rate : 0.8 mi/min.
Detection : 280 nm. b) Reverse
phase(RP)-HPLC of o-Crystallin
obtained from the fractionation
shown in the lower Figure,
Column G4 column (Vydac
protein C4,250x 4.6 mm) Eluent A:
1% trifluoroacetic acid in water;
Eluent B: 1% trifluoroacetic acid
in acetonitrile. Gradient:32% B to
45% B in 30min, 45% B to 55% B in
8 min, isocratic at 55% B for 7min,
a steep increase from 55% B to
75% B in 4min. isocratic at 75% B
for 15min.

: 280 nm ¢) Partial RP-HPLC elution

profiles of tryptic peptides of aA-crystallin obtained from 16-week-

old lenses. Column : C18 column
Eluent A: 0.1% trifluoroacetic

(TSK gel CDS-80TM: 250 x 4.6 min)
acid in water; Eluent B: 0.1%

trifluoroacetic acid in acetonitrile, Gradient : 0-40% B in 150 min.

Flow rate : 0.8 ml/min. Detection : 215 nm.
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Fig. 2b and Fig. 3b shows RP-HPLC chromatograms of a-
crystallins of non-irradiated and 8 weeks after X-ray-irradiated
mouse lenses, using a G4 column, respectively. Fig 4b and 4c shows
RP-HPLC chromatograms of the HMW protein and o-crystallin
obtained from lenses at 12 weeks after X-ray irradiation. As
described in the previous study [4], we have identified, g-
crystallin(the first peak), aB-crystallin (the second one), oA-
crystallin (cA and oAm, the third and forth) by SDS-PAGE (data not
shown). We designated oA and cAm (Fig.3b and Fig.4b and Fig.4c)
according to Swamy et al. [23] because these profiles were similar
with that of a-crystallin obtained from aged human lens that they
had reported. While the RP-HPLC chromatograms of a-crystallin
obtained from 8 weeks and 12 weeks after irradiation were very
similar (Fig 3band Fig 4c), the chromatogram of HMW fraction of 12
weeks after irradiation (Fig. 4b) was quite different, that is cAm was
dominant, oA were not observed, and aB-crystallin decreased. oAm
was eluted at high concentration (almost 70%) of acetonitrile on the
RP-HPLC, therefore, the hydrophobicity of aAm-crystallin must be
higher than that of aA-crystallin.

'b, aA

| ) ’\m
LI

Retention Time (min)

Absorbance (280nm)

Figure 3

a): Gel permeation chromatography

(GPC) profile of WS lens proteins,

obtained from 8 weeks after X-ray

irradiation(12-week-old mice). The

sample elution was performed as

described in Figure 2 a.

b): RP-HPLC of a~Crystallin fraction

shown in Figure 3a. The sample
a elution was performed as described

HMW in Figure Zc.

Absorbance (280nm}
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The effect of X-ray .on the racemization of As p-151 residue of
aA-crystallin

The following samples were subjected to tryptic digestion and
analyzed by RP-HPLC using a C18 column; i} non irradiated aA-
crystallin of 16-week-old mouse (oA in Fig.2b), ii) «A and aAm of 8
weeks after X-ray irradiation (¢A and aAm in Fig 3b), iii) aA of 12
weeks after irradiation (Fig.4c), iv) aAm obtained from HMW of 12
weeks after irradiation. (Fig.4b). All T18 peptides obtained from
irradiated lenses were separated into two peaks (T18a and T1 8b) as
well as control (data not shown). The sequence analysis of T18
peptides obtained from all samples gave the same expected sequence,
VQSGLD'>'AGHSER, which indicate that the linkage of the Asp-151
residues in both T18a and T18b are the same o- type (Table I). The
results of MS analysis of all T18a and T18b peptides were consistent
with the theoretical mass as control (Table 1). These results were
coincide with our recent results of aged mouse lens [4].
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(GPC) profile of WS lens Droteins,
obtained from 12 weeks after X-ray
irradiadon(16-week-old mice). The
sample elution was performed as
described in Figure 2 a.

b): RP-HPLC of HMW fraction
obtained from Figure 4a. The sample
elution was performed as described
in Figure 2b.

¢): RP-HPLC of a-Crystallin obtained
from Figure 4a. The sample elution
was performed as described in
Figure 2 c.
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Among all the Asp residues, only the Asp-151 residues in T18a
peptides were racemized. The D/L ratio of Asp-151 in T18a were
all higher (0.1<D/L) than that in T18b which were 0.02 to 0.06 (Table
I). At 8 weeks after irradiation, the D/L ratio of the Asp-151 residues
of T18a in cA (0.61) was almost the same as control (0.57), whereas

~that in cAm decreased to 0.11. At 12 weeks after irradiation, the
D/Lratio of Asp-151 in oA decreased dramatically (0.18) for 4 weeks.
The D/L ratio of Asp-151 in aAm of both « fraction and HMW were
lower (around 0.1) than that in aA.

Table [ .. Characterization of TI18 peptide (VQSGLD''AGHSER, M+H+=1255.6) of aA-crystallin cbtained
from lenses 16-week-old (control), 8 weeks and 12 weeks after X-ray irradiation.

Sample Peptide Aspl5l M4H" Sequence Aspl5l Relative
: D/L ratio (Observed) (Observed) Linkage Amount
- _ : (T18a/T18b)

Control  !16-week-old Ti8a 0.57 1256.4 VQSGLDAGHSER =«
' 0.030

T18b 0.02 1256.9  VQSGLDAGHSER o

§W aA (12-week-old) T18a 0.61 1255.9  VQSGLDAGHSER o
) 0.011

T18b 0.03 1256.2 VQSGLDAGHSER o

8W cAm (12-week-old) T18a 0.11 1255.8 VQSGLDAGHSER o
. 0.210

T18b 0.03 1256.7 VQSGLDAGHSER o

12W aA (16-week-0ld) T18a 0.18 1255.5 VQSGLDAGHSER o
0.115

T18b 0.02 1256.3  VQSGLDAGHSER o

- 12W-HMW "¢Am (16-week-old) TI18a 0.11 1255,7 VQSGLDAGHSER a
0.055

T18b  0.06  1256.8 VOQSGLDAGHSER

As shown in Table I, the relative amount of T18a against
T18b much higher in aAm(0.21) than oA(0.011) at 8 weeks after
irradiation. At 12 weeks after irradiation, the relative amount of
Ti8a in oA increased to 0.115. The yield of aA-crystallin greatly
decreased at 12 weeks after irradiation and the relative amount of
aAm against cA  in o-fraction decreased almost half during 4 weeks
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(from 8 weeks after irradiation (cAm:aA=0.77:1 ) to 12 weeks after
irradiation («Am:aA=0.35:1). Therefore, we could not obtain enough
amount of acAm crystallin and could not compare the data of cAm in
aA fraction at 12 weeks after irradiation with other data.

Table 1I Summary of the results from lenses obtained from X-ray irradiated and control and mice
lenses.

D/L of Asp-151 in T18a Relative Armount (T18a/T18b)

Sample Cataract HMW oAm in oA in cAm oA cAm
Control
16-week-old - - - .57 - 0.030 -
After X-ray irradiation
8 weeks - - =+ 0.61 0.11 0.011 0.210
12 weeks +++ ++ ++ 0.18 0.11{HMW) 0.115 0.055(HMW)

! not detected
Each point represents the average of 20 lenses.
The mean variation for duplicate determinnation for each point was +3%.

4. DISCUSSION

The effect of X-ray on HMW and aAm formation

In this study, X-ray irradiation induced cataract formation
with promoting the increase of cAm-crystallin and HMW, which are
seen in the extreme aged samples [2,3]. These results are also
consistent with UVB-irradiated rat lens[l]. In aging, there is also a
marked shift in the distribution of the crystallins to high molecular
weight proteins, which were mainly consist of cAm in human
lenses[23]. In those previous reports, both «Am appearance and
HMW formation were observed at the same time. To the contrary, as
summarized in Table II and Fig. 5, oaAm-crystallin, more
hydrophobically modified aA, appeared prior to HMW formation at 8
weeks after X-ray irradiation, only when plaque-like cataract was
detected. Later on, when mature cataract was observed at 12 weeks
after irradiation, HMW protein remarkably increased, while such
medification of aA-crystallin were not found at least until 20-week-
old non irradiated lensf[4]. This fact indicates that the increase of
hydrophobicity in aA-crystallin is the trigger of HMW formation and
lens mature opacificaton. In the lenses obtained from 12 weeks after
irradiation, the yield of a-crystallin were greatly decreased to almost
half of that of control and 8 weeks after irradiation(data not shown).

This observation was coincide with the report that in the most
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advanced cases of nuclear cataract, the insoluble fraction can
represent more than 30% of total lens protein[26] and indicated that
some population of a-crystallin might precipitate as insoluble protein.
The increase of insoluble protein is closely related to the cataract
formation and a-crystallin had been reported to exist in the insoluble
protein by analyzing tryptic peptides [27,28]. The insolubilization of
a-crystallin is considered to be mainly caused by crosslinking of .
proteins. aA-crystallin might occur the conversion from the native
soluble protein structure to more hydrophobic by surface
conformational change, therefore aggregate with those hydrophobic
interaction and become very large aggregate which is not able to be
soluble.

OLA (4-week-old)
‘ A
l
{12-week-0ld)

decrease of IV
of Asp-15I

aAm irradiaticn CLA ncrease of T18a

i

/ decrease of I¥ L
! of Asp-151
,

i 12weeks afier
irradiation

(o), GAm QAISmeko) — — - A (Gweckald
; [ L
! HMW o
¥ L |
Insoluble Fraction-»4—Soluble Fraction »

" Figure 5
The schematic representation of this experiment of X-ray irradiation on mice
lenses.

The Effect of X-ray on the racemization of Asp-151

In our previous studies, both of mouse lenses and UVB
irradiated rat lenses, we observed 2 peaks of T18 peptide of aA-
crystallin and the D/L ratio of T18a (the former peak) were always
higher than that of T18b. Concerning about the D/L ratio of two
peaks of T18, we had the same results that the D/Lratio of T18a were
always higher than that of T18b in X-ray- irradiated lenses.
However, the D/L ratio of T18a in aAm at 8 weeks after irradiation
and even in oA at 12 weeks after irradiation rather decreased,
whereas the D/L ratio of T18a kept high level in non-irradiated
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lenses during aging[4]. This results were opposite to UV B irradiated
rat even though rat and mouse has the same aA-crystallin sequence.
The difference might be due to the material condition, that is, the
difference between the lens culture (UVB irradiated rat) and intact
animal eyes (X-ray irradiated mouse), or high order structure related
to the interaction among other crystallins such as oB- crystallin and
p-crystallin in which there are 3 and 15 amino acid substitutions
respectively, or difference mechanism of opacification induced by
UVB and X-ray such as energy level.

Furthermore, X-ray irradiation promoted the increase of
amount of T18a in aAm over 20 times of that in aA at 8 weeks after
Irradiation. Since the surface hydrophobicity of aAm seemed higher
than that of aA, the increase of Ti8a might cause the
microenvironmental configurational change which expose the
hydrophobic region to surface of aA-crystallin.

The fact that X-ray irradiation induced cAm which has low
D/L ratio in early stage of cataract and also induced the decreased of
the D/L ratio of aA may be due to partial unfolding of the native
higher order structure around T18 which need to keep high D-Asp-
151 level and this may be crucial for transparency.
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